We studied the effects of n-propyl gallate, which is a plastid terminal oxidase inhibitor involved in chlororespiration, on photosynthesis and physiological parameters in Dunaliella salina grown under different salinities and under low or high irradiance using chlorophyll a fluorescence transient measurements and pigment analysis. The inhibitor up to 1 mM had an additive significant effect on the photosynthetic efficiency in the cell suspensions grown under low salinity and irradiance. However, in the presence of high n-propyl gallate concentration (4 mM), there was a negative effect on all physiological aspects. In contrast, this high concentration of the inhibitor could enhance efficiency of electron transport and growth parameters under high irradiance. On the other hand, with salinity increase, the unfavorable effects of high inhibitor concentration on the efficiency of photosystem II were less evident than of low salinity. Interestingly, n-propyl gallate high concentration had a positive effect on fluorescence and on physiological parameters when high salinitiesgrown cells were exposed to high irradiance. The results suggest that there is a rational correlation between increase of salinity and algae ability to bypass n-propyl gallate inhibited plastid terminal oxidase function and also direct influence of its lethal concentration on photosystem II compartment. The ability is especially substantial when the increase of salinity is accompanying high irradiance. Furthermore, these data show that algal responses to inhibitor concentrations are different under various environmental conditions.
INTRODUCTION
Stress usually refers to an unfavorable condition in which an external factor exerts undesirable influence on plants, and it can cause the happening of special responses in all physiological levels of an organism (Quiles, 2006; Diaz et al., 2007; Ibanez et al., 2010) . Plants have developed individual tolerance mechanisms to cope with the environmental stress during evolutional processes, as the mechanisms are much varied between species and different groups (Quiles, 2006; Diaz et al., 2007) . Under environmental stress conditions, such as salinity and high irradiance, plants show the ingenious adaptations at all levels of organization, from morphological to biochemical, molecular, and physiological levels (Diaz et al., 2007) . At the biochemical and physiological levels, plants can alter their flow of photosynthetic electron transfer in several ways in order to cope with the stress (Dijkman and Kroon, 2002; Quiles, 2006; Diaz et al., 2007; Gamboa et al., 2009; Ibanez et al., 2010) .
In some conditions such as stress, there is an alternative route to the typical electron transport chain, namely chlororespiration, which consists of the electron transfer to an oxygen molecule through the plastoquinone (PQ) pool through a terminal oxidase and the generation of a water molecule at the thylakoid stromal side (Bennoun, 1982; Nixon, 2000; Dijkman and Kroon, 2002; Peltier and Cournac, 2002; Rumeau et al., 2007) . The existence of such pathway has been molecularly confirmed by the discovery of new molecular components in the thylakoid membranes, including a plastid-encoded NAD(P)H dehydrogenase complex -NDH (Quiles and Cuello, 1998; Rumeau et al., 2005) , and a nucleus-encoded plastid terminal oxidase -PTOX (Aluru and Rodermel, 2004; Kuntz, 2004 ).
The PTOX is functionally equivalent to a quinoneoxygen oxidoreductase, which is involved in carotenoid biosynthesis and chlororespiration in algae (Bennoun, 1982; Wang et al., 2009; Cruz et al., 2011) and higher plants (Carol and Kuntz, 2001; Josse et al., 2003; Aluru and Rodermel, 2004) . In agreement to PTOX role as a terminal oxidase (Peltier and Cournac, 2002; Kuntz, 2004) , it has been supposed that it may act as a safety valve for excess electrons, preventing the over reduction of the electron transport chain (Niyogi, 2000; Rizhsky et al., 2002) and thereby minimizing the aberrant formation of potentially destructive reactive oxygen species (ROS), within the chloroplast (Melis, 1999; Niyogi, 2000) .
There is physiological and biochemical evidence indicating that PTOX has a key role in the carotenoid biosynthesis during primary processes of the chloroplast differentiation (Carol and Kuntz, 2001) , and plays a critical protective role against stress (Aluru and Rodermel, 2004; Wang et al., 2009) . Since it has been confirmed that PTOX plays a role as a terminal oxidase and the carotenoid biosynthesis process is dependent on re-oxidation of the reduced PQ pool (Carol and Kuntz, 2001; Morstadt et al., 2002) , the suggested role for PTOX in the latter process is not incompatible. Thus, inhibition of PTOX in both molecular (by mutation) and biochemical (by inhibitor) levels affects plant photosynthesis apparatus, and consequently, plants tolerance under environmental stress conditions (Shahbazi et al., 2007; Gamboa et al., 2009) . However, although PTOX in the photosynthetic electron transport chain probably does not play a major role during photosynthesis under optimal conditions (Gamboa et al., 2009) , it likely participates to the required flexibility of photosynthetic electron transfer reactions, when photosynthesis operates under unstable environmental conditions. Dunaliella salina is a unicellular and halo-tolerant green algae that can accumulate a large amount of β-carotene under different stress conditions (Ben-Amotz and Avron, 1983; Hosseini Tafreshi and Shariati, 2009 ). In the present study, Dunaliella salina was taken as a model system for examining the effects of n-propyl gallate (PG), an inhibitor of PTOX (Cournac et al., 2000; Kuntz, 2004) , on the photosynthetic electron transport of photosystem II (PSII) and physiological parameters under stress caused by salt and high irradiance.
MATERIAL AND METHODS

Algal cultures and experimental treatments:
Dunaliella salina Teod. UTEX 200 was obtained from the UTEX The Culture Collection of Algae at the University of Texas, in Austin. The cells were grown in a culture medium with concentrations of 1, 2 and 3 M NaCl as described by Shariati and Lilley (1994) . Cultures were incubated in a culture room at 25ºC and 70 µmol photons m -2 s -1 of light irradiance under a 16 and 8-hour light/dark photoperiod with a continued shaking (100 rpm). When the cultures containing superior concentrations of NaCl were at the growth exponential phase, they were transferred to the flasks followed by treatments application. PG (prepared from Fluka company) was applied at five levels of 0.1, 0.5, 1, 2 and 4 mM into the flasks (in triplicates), and then they were put at two different light regimes: 70 µmol photons m Cell counting and pigment analysis: The cell number was determined using a hemocytometer under a light microscope (Schoen, 1988) . For chlorophyll and β-carotene extractions, an aliquot (1 mL) of algae cell suspension was precipitated by centrifugation at 10,000 g n for five minutes, followed by adding 1 mL of 80% acetone (v/v) and centrifuged at 10,000 g n for two minutes after an intense vortex. Chlorophyll concentration was spectrophotometrically determined by the method carried out by Arnon (1949) . β-carotene was assayed according to Ben-Amotz and Avoron (1983) . E 1% 1cm of 2,273 at 480 nm was used to calculate β-carotene concentration.
Oxygen evolution rate: Oxygen evolution by photosynthesis was polarographically measured at 28ºC using a Clark-type oxygen electrode (Hansatech Instruments Ltd, UK) in a 2 mL water-jacketed reaction vessel (Delieu and Walker, 1972) . The O 2 electrode was connected to a chart recorder. A projector with a 100 W lamp was used for illumination, where the white light beam was radiated through a red filter. The red-light beam was projected through a spherical focusing lens (a round-bottom flask filled with water) as required in order to obtain high-light intensity. A light intensity of 400 µmoL photons m -2 s -1 was used for measuring oxygen evolution. Before the experiment, algal samples were harvested from suspension by centrifugation at 2,000 g n for five minutes and after removal of supernatant, the remaining pellet was re-suspended in a reaction medium containing 0.25 mM KH 2 PO 4 , 0.25 mM K 2 HPO 4 , 0.2 mM MgCl 2 , 25 mM NaHCO 3 , and 1 M NaCl (pH=7.5). Oxygen evolution rate was monitored in suspensions supplemented with 1 mM PG into the oxygen vessel measuring followed by concentrations of 1, 2.5, 2.75, and 3 M salinity as salt stress.
Chlorophyll fluorescence measurement:
Chlorophyll a fluorescence parameters were measured using the Plant Efficiency Analyzer (Handy PEA fluorimeter, Hansatech Instruments Ltd., Pentney, King's Lynn, Norfolk, England). An aliquot (1 mL) alga cell suspension was transferred to the glass vials and pre-darkened for ten minutes at room temperature. Chlorophyll a fluorescence induction transient was measured when the vials were exposed to a strong light pulse (3,500 µmol photons m -2 s -1
). The data were analyzed using BiolyzerHP3 software (Laboratory of Bioenergetics, University of Geneva, Switzerland) (Strasser et al., 2000) . The parameters used in this study are listed in Table 1 .
Statistical analysis:
All measurements and determinations were conducted in triplicate. Data were expressed as mean±standard deviation (SD). The correlation test was applied between the means of some growth parameters, and the correlation coefficient was determined as -0.98. Statistically significant differences between the means at p<0.05 were determined using the analysis of variance (ANOVA) and followed by HolmSidak's test. All analyses were performed using SigmaState 3.0 (Jandel Scientific, San Rafael, California) software.
RESULTS
Effects of n-propyl gallate on growth kinetics: Cell density in algal cells 1 M-LI exposed for 96 hours to 1, 2 and 4 mM PG significantly decreased by about 30, 40 and 70% as compared to control (absence of PG), respectively ( Figure 1 ). However, the highest increase of the cell number was observed at 0.5 mM PG in the algal suspensions. Cell density substantially increased at 0.1 and 1 mM PG and it was statistically unchanged at 2 and 4 mM PG with respect to control in algal cells 1 M-HI. There is a gradual decrease in the cell growth, in which about 60% of the cells died in algal cells 2 M-LI exposed to 4 mM of the inhibitor. However, in algal cells 2 M-HI, cell growth did not considerably change at all PG concentrations excluding 0.5 and 4 mM, which increased and decreased separately up to 62 and 53% as compared to control, respectively. There was a significant decrease in cell density, when algal cells 3 M-LI were subjected to 2 and 4 mM PG. Cell growth was also decreased in PG-treated algal cells 3 M-HI. At this condition, unlike others, no change in cell density was found at PG concentration of 4 mM when compared to control. 
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Effects of n-propyl gallate on pigment content:
Despite the fact that addition of PG up to 0.5 mM showed an increase in chlorophyll content, there was a drastic decrease in algal cells 1 M-LI subjected for 96 hours to 4 mM PG (about 40% compared to control), as seen in Figure 2A . Similar reduction was also found when algal cells 2 M-LI were exposed to 4 mM PG. However, addition of PG by 1 to 4 mM showed a positive effect on chlorophyll content in algal cells 1 M-HI, in which it reached 145% of control at 4 mM PG. In algal cells 2 M-HI, the inhibitor had no effects on chlorophyll content up to 1 mM, while 2 and 4 mM PG markedly increased and decreased chlorophyll content up to 127 and 61% of control, respectively. Similar to algal cells 1 M-LI, an addition of PG up to 0.5 mM to algal cells 3 M-LI increased chlorophyll content by 24% as compared to control. Under such conditions, there was a lower decrease in chlorophyll content at 4 mM PG (by 80% of control) compared to the algal cells 1 and 2 M-LI. In algal cells 3 M-HI, PG could noticeably increase chlorophyll content at 1, 2 and 4 mM by 17, 34, and 56% as compared to control, respectively.
The β-carotene was affected in the less extent by PG treatment as compared to chlorophyll content. Similar to chlorophyll content, PG resulted in a major decrease (by 43% of control) of β-carotene content in algal cells 1 M-LI, which were subjected to 4 mM PG ( Figure 2B ). Nevertheless, there was no or minor change in β-carotene content in PG-treated algal cells 1 M-HI. Experiments on algal cells 2 M-LI revealed a great negative correlation between β-carotene content, with concentrations presenting more than 0.1 mM of the inhibitor, where it reached 44% of control at 4 mM PG. In algal cells 2 M-HI, β-carotene displayed a similar pattern to the chlorophyll content under the same condition, in which 2 and 4 mM PG obviously increased and decreased such content up to 114 and 42% of control, respectively. In algal cells 3 M-LI, PG decreased β-carotene content at 2 and 4 mM by 25 and 30% as compared to control, respectively. However, in algal cells 3 M-HI, 2 and 4 mM PG increased β-carotene content up to 10 and 38% in comparison to control, respectively.
Changes in photosynthesis by n-propyl gallate under salt stress: As expected, with the increase in salt concentrations, there was a significant decrease in photosynthesis rate (Figure 3) . Addition of 1 mM PG to the measuring vessel of oxygen causes a significant decrease in net photosynthesis at all salinity concentrations. However, it is noteworthy that the rate of decrease is higher in control (1 M salinity), when compared to 2.5 and 2.75 M, but not at 3 M salt shock. At 1 M salinity, PG concentration of 1 mM results in the decrease of photosynthesis to an extent of 22%, while the decrease was 15, 13 and 84% for 2.5, 2.75 and 3 M salt shock, respectively (Figure 3 ). Influence of n-propyl gallate on chlorophyll a fluorescence transient curves: To further study the effects of PG on the photosynthetic electron transport and PQ pool, the fast chlorophyll a fluorescence transients (OJIP) in D.salina exposed 96 hours to different PG concentrations under salt and high irradiance stresses were measured. In algal cells 1 and 2 M-LI, PG concentrations of 0.1 and 0.5 mM showed the highest J, I, and P levels compared to control ( Figures 4A and C) . This means that the algal suspensions under the condition have higher electron transfer content to Q A (J level), higher electron transfer potential to the PQ pool (I level), and more traffic jam on the electron acceptor side of PSI (P level). Chlorophyll a fluorescence transients gradually decreased at PG concentrations in more than 1 mM and almost reached a plateau at 4 mM ( Figures 4A and C) . No obvious change was found in the original fluorescence transients when algal cells 1 and 2 M-HI were subjected to PG concentrations up to 2 mM (Figures 4B and D) . However, the chlorophyll fluorescence transient declined at 4 mM PG. Fluorescence rise curve was higher at 0.1, 0.5 and 1 mM PG as well as control in algal cells 3 M-LI ( Figure 4E ). This suspension showed an electron transport capacity in the presence of 4 mM of the inhibitor, although that is much lower than other fields ( Figure 4E ). However, algal cells 3 M-HI subjected to 2 and 4 mM of the inhibitor displayed the highest fluorescence rise relative to other concentrations ( Figure 4F ). Effects of n-propyl gallate on efficiency of electron transport flow within photosystem II: Data analysis obtained from OJIP test revealed that the efficiency of the water splitting complex (F v /F o ), quantum yield for reduction of end electron acceptors at the PSI acceptor side (Φ Ro ), oxidation content of Q A -to Q A (Ψ o ), quantum yield of electron transport (Φ Eo ), and maximum efficiency of PSII (F v /F m ) parameters markedly decreased when algal cells 1 M-LI were subjected to 4 mM PG (Figures 5A to E) . Algal cells 2 M-LI subjected to 4 mM PG presented almost a similar pattern to 1 M-LI (Figures 5A to E) . In addition, thermal dissipation yield (Φ Do ) ( Figure 5F ) and light absorption flux (for PSII antenna chlorophylls) per reaction center (ABS/ RC) ( Figure 6A ) increased considerably in both 1 and 2 M-LI exposed to 4 mM of the inhibitor.
Furthermore, in these suspensions, the size of PQ pool index (Area), PSII structure and functioning indicator (SFI ABS ), and performance index (PI ABS ) were not detectable in the presence of 4 mM PG (Figures 6B to D) . In contrast to algal cells 1 M-LI, PG concentrations of 2 and 4 mM increased parameters related to the efficiency of electron transport of PSII and correspondingly decreased Φ Do and ABS/RC in algal cells 1 M-HI (Figures 5 and 6 ).
Similar results were obtained when algal cells 2 M-HI were assayed, with the difference that only PG concentration of 2 mM could improve the efficiency of electron transport, differently from 4 mM that could not (Figures 5 and 6 ). Experiments on algal cells 3 M-LI illustrated that PG concentration of 4 mM does not have a significant effect on the fluorescence parameters ( Figure 5 ). However, a pronounced increase was found for the values of fluorescence related to the PSII efficiency, when algal cells 3 M-HI were exposed to 4 mM PG (Figures 5 and 6 ). 
DISCUSSION
Photosynthetic electron transport system, as well as pigment content were affected by PG in Dunaliella salina under stress conditions. Addition of PG up to 0.5 mM in algal cells 1 M-LI had a positive effect on both photosynthesis and physiological parameters, including cell growth and pigment content, demonstrating that PG in the concentration range acts as a protector of the photosynthesis apparatus. It is in agreement to previous reports that PG at low concentrations inhibits D1 protein degradation (Elich et al., 1997) . These data are also consistent with Maksymiec et al. (2007) , who found that PG at low concentrations can enhance maximum yield of PSII in Arabidopsis. However, addition of the inhibitor at concentrations higher than 0.5 mM had no significant effects on fluorescence parameters as well as pigment content, while at 4 mM PG, there was substantial decline at all physiological parameters. This can be due to a significant decrease of oxygen evolving complex (F v /F o ) activity.
Furthermore, drastic decrease of maximum quantum yield (F v /F m ), structure and functioning indicator (SFI ABS ) of PSII and performance index (PI ABS ) at PG concentration of 4 mM could also be caused by damage to reaction centers or non-photochemical quenching (Maxwell and Johnson, 2000) . The thermal dissipation yield (Φ Do ) was much higher at PG concentration of 4 mM when compared to control, expressing that almost all the excessive light energy was dissipated as heat ( Figure 5F ). Nonetheless, in spite of the decrease in the efficiency of oxygen evolving complex on the donor side of PSII (F v /F o ) in algal cells 2 M-LI exposed to 4 mM PG, oxidation content of Q A -(Ψ o ) did not reduce ( Figure 5A and D) . It may indicate that F v /F o and Ψ o parameters are the most sensitive and resistant components in the photosynthetic electron transport chain in the presence of high PG concentration, respectively. In agreement to these results, it has been previously confirmed that the F v /F o parameter is the most sensitive component of PSII under undesirable conditions (Fricke and Peters, 2002) .
In contrast to algal cells 1 M-LI, addition of PG from 1 to 4 mM, in algal cells 1 M-HI enhanced efficiency of electron transport and chlorophyll biosynthesis as compared to control. This discrepancy can be explained by comparing OJIP curves and content of the pigments ( Figures 4B and 2 ). An increased J level is an excellent indicator of a more reduced PQ pool and (Haldimann and Strasser, 1999) . This means that electron transfer between PQ pool and the acceptor side of PSI was diminished under HI, while PQ pool was fully reduced versus LI condition. The remark could express that under HI condition, chlororespiration process stopped as a result of PTOX inhibition by PG and consequently there is an accumulation of more pronounced primary electron acceptor of PSII (Q A -). Besides, β-carotene did not significantly change and, as a result, the maintenance of β-carotene results in the protection and improvement preservation of chlorophyll, as well as its biosynthesis under probable oxidative stress caused by high PG concentration. Therefore, under the condition, PTOX has no role in the carotenoid biosynthesis. The suggestion is supported by a study showing that the carotenoid biosynthesis pathway in tomato mutants in the absence of PTOX under strong light is not limited (Shahbazi et al., 2007) .
In addition to fluorescence parameters, there was a severe increase in cell mortality and a meaningful decrease in pigment content in the presence of 4 mM of the inhibitor. For the reason that PTOX has a role in the chloroplast biogenesis (Shahbazi et al., 2007) therefore, the high concentration could block PTOX and could cause arrest chloroplast biogenesis. Alternatively, this event might be due to a formation of ROS. The evidence for the latter suggestion comes from the fact that PTOX has an important role in the carotenoid biogenesis (Bennoun, 2001; Carol and Kuntz, 2001 ). Thus, with carotenoid biosynthesis blockage, ROS can be formed and cause damage to the chlorophyll and photosynthesis apparatus. However, our data suggest that the significant decrease in all physiological parameters at PG concentration of 4 mM is not just due to chlorophyll decline (Figure 2A) . Besides, Elich et al. (1997) reported that PG at high concentrations acts as a strong inhibitor of light harvesting complex II (LHCII) and to some extent PSII core protein phosphorylation. Inhibition of LHCII phosphorylation could result in imbalance in excitation rates of PSII and PSI (Allen and Forsberg, 2001 ) and in oxidative stress. Thus, it seems that high concentration of PG could affect PSII directly by influencing its components.
With an increase in salinity, negative effects of PG high concentration on the fluorescence parameters was partly reduced (Figure 5 ). Although the decrease was not significant, it was very important for understanding the effects on photosynthetic apparatus. It might be attributed to the fact that Dunaliella salina tolerance enhanced with increase of salinity, which is supported by some evidence, including that the decrease of photosynthesis made by addition of 1 mM PG is minor at 2.5 and 2.75 M salinities unlike 1 M (control), as shown in Figure 3 . Another evidence is by comparing electron transport flows in algal cells grown under HI and LI conditions indicating that with increase of salinity, the damaging effects of HI on photosynthesis apparatus have decreased ( Figure 5) . Therefore, at 2 M salinity under LI condition, PG concentration of 4 mM had a lower negative effect on fluorescence parameters and growth kinetics in comparison with 1 M salinity.
These events can be such interpreted that under high salinity due to the existence of probable alternative pathway and higher tolerance of Dunaliella salina, the negative effect of high concentrations of PG has diminished. It might indicate that PTOX may have a multiple role, and it is conceivable that the relative importance of a given role difference depends on the environmental condition. In other words, PTOX may play a regulatory role rather than act as a safety valve in the protection of the photosynthetic apparatus in Dunaliella salina. The latter suggestion is supported by a report expressing that PTOX does not act as a stress-induced safety valve in the protection of the photosynthetic apparatus of Arabidopsis (Rosso et al., 2006) . However, confirmation of the hypothesis needs more investigations and it remains to be elucidated.
In addition, it has been previously reported that when Dunaliella salina increases with salinity, LHCII phosphorylation level enhances (Liu and Shen, 2006) . On the other side, it is confirmed that PG at high concentrations inhibits LHCII phosphorylation (Elich et al., 1997) , which causes a decline in cyclic electron flow around PSI and consequently, maintenance of electron transport capacity of PSII. Therefore, with increase of salinity under LI and particularly HI conditions, high concentrations of the inhibitor not only do not have a negative effect, but also could improve efficiency of PSII by maintenance of electron transport flow between two photosystems. It has also been shown that the role of PTOX in stress can have intensity or infirmity and also be different in various species (Gamboa et al., 2009) . Therefore, it can be resulted from the data that in Dunaliella salina there are several responding options to PG concentrations under several environmental conditions. In summary, the results suggest that there is a logical correlation between the increase of salinity and alga ability to bypass PG inhibited PTOX function and or direct damage of the inhibitor to PSII components. The algae ability is particularly considerable, when increase of salinity is accompanying high irradiance. Also, effect of PG on photosynthesis and physiological parameters in Dunaliella salina has high variation under various conditions, and it depends on quality and quantity of stress inasmuch as algae displays different responses to PG under various environmental conditions. In other words, responses of algae to the inhibitor might depend on the stress situation.
